Lieber A, Millasseau S, Bourhis L, Blacher J, Protogerou A, Levy BI, Safar ME. Aortic wave reflection in women and men. Am J Physiol Heart Circ Physiol 299: H236 -H242, 2010. First published April 23, 2010 doi:10.1152/ajpheart.00985.2009, a marker of the number of aortic wave reflections (AWRs), is influenced not only by the magnitude of incident and reflected pressure waves but also by the time of return. A new triangulation method has been developed, enabling us to better quantify AWRs and to determine their sex differences, which may relate to body size or pulse pressure (PP) amplification, measured from the brachial PP-tocarotid PP (B/C) ratio. With the use of pulse wave analysis, AWRs were evaluated in 51 women and 72 men treated for hypertension and studied in relationship to age, blood pressure, and pulse wave velocity. When women were compared with men, AIx (expressed in %PP and adjusted to heart rate) was significantly higher, together with a significant decrease of the B/C ratio and an increase of the reflection magnitude and of the amplitude (but not the timing) of the backward pressure wave. The significance of the amplitude difference between men and women was enhanced after an adjustment to heart rate or pulse wave velocity but was abolished after an adjustment to body height or the B/C ratio. In the overall population, AIx and the reflection magnitude index were positively (r 2 ϭ 0.39) and independently associated, after excluding confounding factors such as drug treatment. In conclusion, when compared with men, women treated for hypertension have increased AIx, related to the increased amplitude, and not timing, of backward pressure waves. This finding relates to sex differences in body size and mostly brachial-carotid PP amplification, a parameter highly related to the sex difference of cardiovascular risk.
SYSTOLIC BLOOD PRESSURE (SBP) increases differently with age in each sex. Before menopause, SBP is lower in women than in men. After menopause, SBP tends to get higher in women than in age-matched men. Thus cardiovascular (CV) complications markedly increase with SBP and pulse pressure (PP) in association with the higher risk in postmenopausal women (10, 26, 28) .
SBP and PP are influenced by the pattern of left ventricular ejection and aortic input impedance, mainly via the stiffness of large arteries and/or the intensity and timing of aortic wave reflections (AWRs) (15, 16) . Some of the sex-related differences in SBP, arterial stiffness, and AWRs are highly influenced by the smaller body size of women (13, 22, 27) . Thus it is relevant to investigate the respective role of sex difference and body size on arterial properties, blood pressure (BP), and ventricular/vascular coupling, using appropriate evaluations of arterial stiffness and AWRs.
The augmentation index (AIx) is considered as a standard integrated measure of AWRs (17) . Its value mainly depends on the magnitude and timing of both the forward and backward BP waves. These waves are known to differ markedly between men and women (3, 6, 13, 22, 27) .
Previous studies (19, 30) have reported different models estimating the number of AWRs, but their calculation normally requires both pressure and flow measurements. A recent noninvasive method using triangulation has been developed to separate the measured pressure into its forward (incident) and backward (reflected) components without recording the corresponding flow to quantify AWRs (5, 9, 19, 30) .
In this study, we used this triangulation method to examine the respective contribution of magnitude and timing in the mechanism of the AWRs. In particular, we compared the sex differences in chronically treated hypertensive subjects. Our working hypothesis is that the mechanical effects of AWRs are dependent on sex differences and so may influence BP control, CV risk, and the drug treatment of hypertensive subjects.
MATERIALS AND METHODS

Patients
Between January and July 2008, 123 consecutive hypertensive patients aged from 23 to 84 yr were admitted in the Ambulatory Check-up Department of the Diagnosis and Therapeutic Center of Hôtel-Dieu Hospital (Paris, France) for evaluation of one or more CV risk factors including high BP, smoking, dyslipidemia, diabetes mellitus, and/or family history of premature CV disease, with or without previously identified clinical events.
Hypertension was defined in ambulatory subjects as SBP Ͼ140 mmHg and/or diastolic BP (DBP) Ͼ 90 mmHg, measured by a standard sphygmomanometer in the supine position, with a minimum of three casual measurements during the last month or when antihypertensive drug therapy was present. Normal subjects (SBP Ͻ 140 and DBP Ͻ 90 mmHg without any treatment) were excluded from the study. In fact, all subjects were chronically treated for hypertension. Drug treatment was not discontinued before and during the investigation.
Antihypertensive drugs included calcium channel blockers (51% of men, and 35% of women; P ϭ 0.09), ␤-blockers (30% of men, and 33% of women; P ϭ 0.66), diuretics (41% of men, and 43% of women; P ϭ 0.80), central acting agents (18% of men, and 14% of women; P ϭ 0.50), angiotensin-converting enzyme inhibitors (ACEI; 14% of men, and 8% of women; P ϭ 0.30), angiotensin II receptor blocker (ARB; 47% of men, and 24% of women; P ϭ 0.01), and ␣-blockers (8% of men, and 4% of women: P ϭ 0.40), either alone or in combination. Dyslipidemia was defined as a total cholesterol-tohigh-density lipoprotein (HDL) cholesterol ratio Ͼ 5 and/or the presence of hypocholesterolemic agents. These agents (statins or fibrates) were given in 42% of patients (46% of men, and 35% of women; P ϭ 0.22). Menopause was noted in 34 women.
Diabetes mellitus was defined from glucose serum level above 7 mmol/l or in the presence of a previous antidiabetic treatment. Forty-one patients (33%) were diabetic and received antidiabetic agents (oral or insulin). Oral antidiabetic agents (biguanids, sulfamids, acarbose, or thiazolidinediones, either alone or in combination) were given in 20% of the population (27% of men, and 12% of women; P ϭ 0.04). Insulin therapy was given in 18% of the population (21% of men, and 14% of women; P ϭ 0.29).
Each subject provided informed consent for the study, which was approved by our Institutional Review Board. CV events were considered whenever clinical events at the coronary, cerebral, aortic, or peripheral levels occurred and were diagnosed on the basis of standard tests performed during hospitalization.
A questionnaire was filled out at the inclusion for each patient and contained information concerning age, sex, weight, height, body mass index (BMI), family (first-degree relatives) history of premature CV events (Ͻ55 yr in men, and Ͻ65 yr in women), personal history of diabetes mellitus, dyslipidemia, smoking habits, previous diseases, and use of medications including antihypertensive drugs (see Table 1 ).
Hemodynamic Measurements
The measurements were performed in the morning and done 4 h following a light breakfast, each patient being in supine position while resting for 10 min. Room temperature was 22°C. All determinations were performed under the same conditions in all subjects.
Pulse wave analysis. For pulse wave analysis, the following three steps were used (5, 11, 26) .
First, brachial BP was measured on the right arm with a sphygmomanometer using an oscillometric method (DBP Monitor, UA787, Saitama, Japan). SBP and DBP measurements were recorded. Three measurements 2 min apart were performed, and the last two were averaged.
Second, radial artery applanation tonometry was performed with the SphygmoCor device (AtCor Medical, Sydney, Australia). The radial artery pressure curve was calibrated using brachial oscillometric sphygmomanometer determinations. Mean arterial pressure (MAP) was calculated using the planimetric integration method. Aortic BP was calculated from the radial artery pressure curve using a validated transfer function (2, 18) .
Third, carotid tonometry was done and the obtained BP curve was calibrated using both brachial DBP and integrated MAP, on the Values are means Ϯ SD; n, number of subjects. CV, cardiovascular; HbA1c, hemoglobin A1c196; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; PP, pulse pressure; Adj, adjusted; PWV, pulse wave velocity; AIx, augmentation index; NS, not significant. *Adjusted for age, heart rate, and mean arterial pressure.
assumption that both DBP and mean BP are constant along the arterial tree (5, 11, 18, 26) .
Applanation tonometry provides an accurate profile of intra-arterial BP curves by applying a piezoelectric sensor, the tonometer, over an artery through the skin. Recorded pressure data are converted into an electric signal, which allows a continuous beat-to-beat monitoring of the BP waveform (11, 29) . The central pressure waveform is characterized by an inflection point that divides the pressure wave into an early systolic peak and a subsequent peak (Fig. 1 ). This second peak has been shown to be due to the return of the reflected wave coming from the peripheral level, leading to an increase of PP and SBP (17) . Furthermore, the time span between the foot of the wave and the inflection point is regarded as the time taken by the pressure wave to travel backward and forward from the heart to peripheral reflection points. The study of the aortic impedance spectra has previously demonstrated the validity of this interpretation (1, 2, 15, 16, 18) . Recordings obtained by tonometry are correlated in a very good way (r 2 ϭ 0.92, P Ͻ 0.0001) to direct invasive arterial measurements (2). Intra-and interobserver variability is Ͻ10% (5, 26, 27) .
AIx is a measure of the pressure increment from the shoulder of the systolic waveform (normalized to PP) and is considered a proxy measure of AWRs (5, 30) (Fig. 1) . AIx is estimated from the pulse waveform measured directly at the carotid artery. Carotid and aortic AIx are known to be strongly and positively (P Ͻ 0.001) (25) correlated with the same weight in interchangeable correlations. PP amplification is defined as the brachial PP-to-carotid PP (B/C) ratio. The reproducibility of these measurements has been previously published in detail elsewhere (26, 27) .
Pulse wave velocity measurement. Pulse wave velocity (PWV) is measured by calculating the ratio of the carotid distance to femoral distance, and the transit time is defined by the time delay between the carotid and femoral waveforms measured by tonometry with the Sphygmocor device (12, 23) . Carotid and femoral distances were measured with a vernier caliper instead of a measuring tape to avoid the overestimation of the measure due to an oversized belly. We also measured sternum and femoral distances from sternal notch to femoral artery. As both distances are highly correlated (r 2 Ն 0.90) with a slope close to one, we used the direct carotid-femoral distance for simplicity. Intraoperator reproducibility is good (6% discrepancy) in trained hands.
Reflection wave indexes. A model based on a triangular flow wave hypothesis has been proposed (5, 9, 19, 30) to study wave reflection by decomposing the aortic pressure wave into a forward (direct) and a backward (reflected) wave. The shape of the aortic flow wave is assumed triangular with the start, peak, and end of the triangular flow set at the time of the initial upstroke, first inflection point, and incisura (dicrotic notch) of the aortic pressure wave, respectively (Fig. 1) . Aortic characteristic impedance (Z c) is calculated from the aortic pressure wave and the corresponding triangular flow wave. Forward (P f) and backward (Pb) components of the pressure wave are thus determined quantitatively using the following equations:
P m(t) is the measured pressure wave and F(t) the estimated triangular flow wave.
Reflection Magnitude (RM) is defined as the ratio of the backward pressure amplitude (P b) and the forward pressure amplitude (Pf):
The reflected wave timing was measured, as in the study by Qasem and Avolio (19) , as the maximum lag of the cross correlation between the forward and backward pressure wave.
Clinical and Biological Data
In this population, BMI has been calculated by dividing the weight in kilograms by the square of the height in meters (kg/m 2 ). Waist and hip measurements were done with a measuring tape. Waist circumference was determined halfway between the inferior ridge of the rib cage and the superior tip of the pelvis on the iliac crest in a standing patient. Hip circumference was measured at the level of great trochanters.
Metabolic syndrome was defined when having at least three out of the five following criteria (24): 1) BP above 135 mmHg for systolic and/or 80 mmHg for diastolic measurement or treated hypertension, 2) waist measurement exceeding 102 cm in men and 88 cm in women, 3) triglycerides concentration above 150 mg/dl (1.69 mmol/l), 4) HDL-cholesterol concentration below 40 mg/dl (1.04 mmol/l) in men and 50 mg/dl (1.29 mmol/l) in women, and 5) fasting plasma glucose concentration above 110 mg/dl (6.1 mmol/l).
Venous blood samples were obtained after an overnight fast. Plasma was separated without delay at 4°C in a refrigerated centrifuge and stored at 4°C (for determination of routine chemistry profile by standard methods) until analysis (24, 26) . Macroproteinuria was measured using standard techniques. 
Statistical Analysis
Mean values of qualitative and quantitative variables are presented either in absolute values (with standard deviations) or in percentages. Fisher F statistic (ANOVA) was used for mean comparison of normally distributed variables between the two subgroups (men and women). For general distribution (nonnormal), a no-parametric procedure (NPAR1WAY) was used to test the equal distribution of a variable across men and women. A 2 (FREQ with 2 option) tests the association between a qualitative variable and sex difference. A value of P Ͻ 0.05 was considered significant. ANOVA was used to determine the effect of sex difference on mechanical factors and reflection waves and to determine any possible interaction between the various parameters.
Mean values of qualitative and quantitative variables are presented either in absolute values (with standard deviations) or in percentages. A Student's t-test was used for the comparison of normally distributed continuous variables between the two subgroups (men and women). A value of P Ͻ 0.05 was considered significant. ANOVA was used to determine the effect of sex difference on mechanical factors and reflection waves and to determine any possible interaction between the various parameters.
Simple and multiple regression analyses were performed to evaluate linear associations between the hemodynamic parameters, specifically PWV and PP; reflection wave indexes; and the other biological, morphological, and therapeutical variables. All parameters showing a significant univariate correlation linked to PWV and/or PP or reflection wave indexes were integrated in a multiple regression analysis. Adjustments are indicated in the legends of each table or figure. A last adjustment was constantly done to exclude the respective role of antihypertensive (including ACEI, and ARB), antidiabetic, and cholesterol-lowering agents. Adjustment to menopause never modified the results in women.
RESULTS
Clinical and Biological Characteristics
In our cohort, there were no statistically significant differences between men and women for age, BMI, and MAP. On the day of the investigation, from the 123 hypertensive subjects, 92 (55 men and 37 women) subjects were resistant to treatment and 31 subjects were normotensive (17 men and 14 women). Brachial and carotid values of SBP, DBP, and PP were similar for both sexes, as well as values of crude and adjusted PWV (see Table 1 ). Crude (P Ͻ 0.055) and adjusted (P Ͻ 0.001) AIx were significantly higher in women than in men (see Table 1 ). Women had significantly lower body weight and height, plasma glucose and creatinine, and percentage of oral antidiabetic agents than men. Women had significantly higher values of HDL-cholesterol and heart rate (HR). None of these confounders modifies the PWV or AIx (in %) results. PP amplification (B/C ratio) was decreased in women (P Ͻ 0.001).
Hemodynamic Variables and Indexes of Wave Reflections
For each index of wave reflections, both crude and adjusted indexes are presented (Table 2 ). To optimize the results, we established multiple regression analysis determining the principal parameters mostly able to influence forward and reflected waves. Thus, three equations were established, related respectively to RM, reflection amplitude (P b ), and reflection timing: in which Creat equals plasma creatinine and PP ratio is an oversimplification of the B/C ratio. Using this procedure, we calculated the adjusted value of each variable. All these calculations excluded the contribution of drug treatment, either antidiabetic or lowering lipids or antihypertensive agents. The later were studied class by class (including ACEI and ARB studied separately). Finally, values of r 2 concerning the forward wave were very low, both for amplitude (r 2 ϭ 0.09) and for timing (r 2 ϭ 0.04). Thus only data regarding the reflected wave are presented.
The crude and adjusted RM was significantly higher (P Ͻ 0.006 and P Ͻ 0.0001) in women than in men (Table 2) . When 36 men and 51 women were selected in the population and statistically compared for the same body height (1.68 vs. 1.64 cm), the same significant difference in RM was observed between men and women. In the overall population, RM was strongly and positively correlated to AIx (r 2 ϭ 0.39) (Fig. 2 ). The crude (P Ͻ 0.0461) but not adjusted (P Ͻ 0.1947) value of reflected wave amplitude (in mmHg) was significantly higher in women than in men. In the overall population, reflected wave amplitude was positively correlated to AIx (r 2 ϭ 0.21; P Ͻ 0.0001) (Fig. 2) . The crude and adjusted reflected wave timing (in ms) did not differ between men and women, but the difference became slightly significant after the adjustment to HR (P Ͻ 0.03). In the overall population, reflected wave timing was positively correlated to AIx (r 2 ϭ 0.10; P Ͻ 0.0003). No significant result was observed for the amplitude or timing of the forward wave (data not shown) despite the potential role of the amplitude of contraction and/or the additional role of arterial properties.
Anthropometric Data and Amplitude of Reflected Waves
As we showed earlier, the difference in the amplitude of the reflected waves between men and women was at the limit of significance (P Ͻ 0.0461) when expressed in crude values (Fig. 3) . This difference was tightly modulated. First, the difference in amplitude became highly significant after the adjustment to HR (P Ͻ 0.0058) or PWV (P Ͻ 0.0059). Second, the significance disappeared after the adjustment to body height (P ϭ 0.8749) or mostly PP amplification, expressed as B/C ratio (P ϭ 0.4617). All these adjustments acted individually and without interaction. The later result highly suggested that the difference in amplitude of wave reflection between men and women is significantly reduced by two independent factors, body height and PP amplification.
DISCUSSION
This study was performed in 51 women compared with 72 men, all treated for hypertension with a mean age of 58 yr. Men and women were studied for similar age, BMI, MAP, and PWV. When compared with men, women were characterized by a significantly higher HR and lower B/C ratio and lower body height. There was mostly in women a significantly increased carotid AIx, in agreement with previous results in the literature (6, 13, 14, 26, 27) . This elevated AIx was associated with a higher RM and amplitude, but not timing, of the backward pressure wave. The adjustment of body height or B/C ratio significantly abolished the sex difference in the amplitude of the backward pressure wave, whereas the PWV or HR adjustment considerably enhanced the significance of this difference. Taken together, these findings suggest that differences in body height, HR, but also PP amplification between men and women consistently influenced sex-dependant aspects of BP control in treated hypertensive patients. However, these findings that were observed in treated hypertensive subjects could not be extrapolated to untreated normotensive subjects.
In this study, it is important to stress that shorter female stature defines a shorter arterial tree. This finding indicates that the reflecting site in women is closer to the central circulation than it is in men. For the same PWV, the pressure wave, reflected off a short arterial tree, returns to the central circulation earlier and tends to amplify the primary wave in systole rather than diastole. This tends to increase SBP and possibly contributes to alter the B/C ratio (PP amplification) (1, 26, 27) . The earlier reflection to the central circulation also changes the shape of the carotid artery pressure curve in women, which has been detected by a raised AIx. A shorter arterial tree may be partly compensated by a faster HR that would return the reflected wave closer to diastole. Our results in Fig. 3 give credit to this possibility, since the statistical difference in the amplitude of the backward pressure wave between men and women increases after an HR adjustment (5, 26) . However, as we showed when hypertensive men and women were compared for the same body height, the statistical difference in amplitude did not disappear totally with this exclusive parameter. Thus the role of the B/C ratio also needs to be considered. The amplitude of the wave reflection is dependent on the reflective properties of the vascular tree, which may be altered independently of arterial stiffening. Reflection is influenced not only by physical properties of the arterial wall but also by vasomotor tone and a number of morphometric and sex-hormone differences between men and women, which are of major importance but not the principal aim of this study (26 -28) . Fig. 3 . RWA (in mm): statistical difference between men and women. The statistical difference varies according to the different adjustments (adj). For the same number of subjects, the P value is a measure of the significance (and then the interest) of the use of adjustments but in any case can determine the biological impact of the result. HR, heart rate; PP ratio, brachial pulse pressure-to-carotid pulse pressure ratio; PWV, pulse wave velocity. Several methodological aspects may contribute to limit the understanding of this clinical work. In our study, the RM values could seem relatively high in comparison with the same parameter measured in the larger and younger populations recently reported (9) . However, we have shown that body weight and HR greatly contribute to influence RM in hypertensive subjects. Such factors are quite important to consider when the unique objective is to determine a sex difference in a significantly older population as in Kelly et al. (8) . Furthermore, we found a strong (r 2 ϭ 0.39) and positive correlation between AIx and RM. Such a correlation did not represent a simple mathematical artifact since, in the changes in carotid (or aortic) AIx, the finding helped to differentiate between the role of amplitude and timing in the mechanism of AWRs (25) .
In this study, the principal difficulty was to apply the triangular method to the different mechanisms of AWRs in men and women. When compared with the method of the aortic noninvasive Doppler velocimeter measurement (r 2 ϭ 0.74), the triangular method is obviously less efficient (r 2 ϭ 0.55) (9) but may remain quite effective in the presence of major differences in RM or backward pressure amplitude as observed between old men and women. This question has not been fully investigated when the triangular method and Doppler velocimeter have been compared in humans (9) . Our report showed apparently dissociated results between the amplitude and timing of wave reflections, and their interpretation is supported by previous studies in the literature (4, 5, 8) . However, we cannot completely rule out the possibility that treatment induced a change in the flow waveform and may have affected our results. Theoretically, treatment might have changed the shape of the flow wave from concave to convex (4, 5) . It has been previously suggested that, with the triangular method, concavity of the flow waveform leads to an underestimation of the pressure RM and that convexity leads to its overestimation (5, 19, 30) . So it seems likely that a reduction in RM might be underestimated rather than overestimated by the triangulation model (9) . Finally, it is worth noting that AIx and RM (and even wave reflection amplitude) are strongly correlated (Fig. 2) , indicating a main conclusion: AIx is more influenced by reflected wave "amplitude" than by its timing in subjects of the present cohort.
Vasoactive drugs influence aortic AIx independently of PWV (8) , suggesting that RM can be changed differently from its timing. It is often considered that antihypertensive treatments have only a passive effect on central elastic artery wall properties with modifications of wave reflection timing mainly due to a decrease of the distending pressure (5) . However, the Preterax in Regression of Arterial Stiffness in a Controlled Double-Blind (REASON) study (12) demonstrated that treatment with perindopril-indapamide reduces carotid and aortic AIx more than the treatment with atenolol, despite a similar decrease in BP and PWV. Similarly, in the Conduit Artery Function Evaluation (CAFE) study (31) , the perindopril-amlodipine treatment group showed a lower central AIx and PP but a similar PWV and had a better prognosis on CV outcomes compared with the atenolol-thiazide group. From our results, wave reflection is significantly higher in women than in men. Thus reducing peripheral wave reflection in women might even have a higher impact on CV risk than in men.
It is worthy to note that HR is an important variable in this investigation and that the majority of patients were taking medications slowing HR and altering pulse wave shape (calcium channel and ␤-blockers) (29) . More men than women were taking ARBs and calcium channel blockers. In the present study, HR was constantly investigated and/or introduced in regression analyses for the study of wave reflection. We never observed an effect of a drug class, including ACEIs or ARBs.
In conclusion, this study has shown for the first time that RM and the amplitude of backward pressure wave not only were influenced by sex but also significantly interacted with arterial length and independently with the B/C ratio, a well-established index of PP amplification (1, 21, 23) . Since PP amplification is now considered as a consistent marker of CV risk (1), its measurement might be a guide to evaluate the sex differences in CV risk. Indeed, the differences in the characteristics of wave reflections between men and women are abolished after the adjustment of PP amplification (Fig. 3) .
In that regard, previous studies (28) have shown that vascular smooth muscle cells contain functional estrogen receptors and that estrogens have short-term vascular effects such as decreasing arterial pulsatility and increasing arterial compliance through endothelium-dependent vasodilation in conductive and resistive arteries (7, 20, 32) . Such sex-dependent alterations might play a role in the mechanisms of PP amplification and its age dependency. Thus the triangular method might provide a new tool for the understanding of hormonal factors and drug treatment in women under CV prevention.
